Boron-doped ordered mesoporous carbon (B-OMC) was synthesized using the aromatic compounds benzene, 1,3,5-trimethylbenzene, 1,3,5-triethylbenzene and 1,3,5-triisopropylbenzene as expanding agents. The expanding mechanism as well as the effect of the expanding agent molecule on the properties of B-OMCs were studied. Compared with the unmodified one, the order of B-OMCs treated with aromatic compounds is improved significantly. In addition, along with the increase in hydrophobicity and steric hindrance of the expanding agents, the pore size and pore volume of B-OMCs increase, while their surface area and specific capacitance increase first, and then drop off slightly. The obtained B-OMC-TEB has a high boron content (1.54 wt%), the largest surface area (693 m 2 g À1 ),
Introduction
Porous materials are a new type of material system, which include microporous, mesoporous and macroporous materials. 1 Compared with others, mesoporous carbon materials have excellent physical and chemical performance, moderate aperture, high specic surface area, high water thermal stability characteristics and so on.
2-4 They have been widely used in catalytic reactions, 5 separation, 6 biological medicine, 7 photoelectric devices, 8 and especially in the eld of electrochemistry. 9 However, due to the low reactivity and inner surface modication of mesoporous carbon, practical applications have been limited greatly. Heteroatoms, such as boron, nitrogen and phosphorus have been used to dope mesoporous carbon in recent years. [10] [11] [12] As an electron acceptor, boron can shi the Fermi band downwards, catalyze oxygen functional groups and improve the electronic structure in the space charge layer.
9,13 BOMCs have attracted a lot of interest and many methods have been used to synthesize them. [14] [15] [16] According to the electrical double-layer capacitance theory, both high specic capacitance and electro-conductivity 17 are attributed to a large specic surface area. 18 A suitable pore size, which matches with the electrolyte ionic radius, is also critical for obtaining a high mass specic capacity. 19, 20 Nevertheless, it is not easy to obtain ideal B-OMCs due to the lack of sufficient hydroxyl groups present to form hydrogen bonds with the template and the poor solubility of boron modied phenolic resin.
21,22
The size of formed micelles determines the pore size of the nal mesoporous material. 23 Hydrophobic compounds can be dissolved in the hydrophobic core of surfactant micelles, causing the micelles to expand, thereby increasing the pore size of the mesoporous material. 24 Some studies have attempted to incorporate and localize hydrophobic compounds into Pluronic/ surfactant mixed micelles. 25 For example, by using cetyltrimethylammonium bromide (CTMABr) as the template and decane as the expanding agent, the pore size of MCM-41 expanded from 2.6 nm to more than 4.0 nm, and its specic surface area increased from 432 m 2 g À1 to 802 m 2 g
À1
. 26 In addition, aromatic compounds also serve as additives to enlarge the pore size of mesoporous silicon and mesoporous hydroxyapatite.
27-29
Based on our previous research, aromatic compounds with rigid, stable benzene rings and hydrophobic hydrocarbon substituents, benzene, 1,3,5-trimethylbenzene, 1,3,5-triethylbenzene and 1,3,5-triisopropylbenzene, were chosen as expanding agents to further increase the pore size and the specic surface area of B-OMCs. The inuence of aromatic compounds on the mesoporous structure and characteristics of B-OMCs and the expanding mechanism were investigated. Additionally, the electrochemical properties of the obtained BOMCs were evaluated.
Experimental

Materials
Tri-block polymer F108 (PEO 132 PPO 50 PEO 132 ) was provided by Sigma-Aldrich with the average molecular weight 14 600. Formaldehyde (37 wt%), phenol, hydrochloric acid solution, boric acid and benzene (Be) were purchased from Ling Feng Chemical Reagent Co., Ltd. Aromatic compounds 1,3,5-trimethylbenzene (TMB), 1,3,5-triethylbenzene (TEB) and 1,3,5-triisopropylbenzene (TiPB) were obtained from Admas Reagent Co., Ltd.
Preparation of B-OMCs
Boron-doped ordered mesoporous carbon materials were prepared according to the procedure that we used before.
30
Boron phenolic resin (BPF) was chosen as the precursor, F108 as the so template, and aromatic compounds as the expanding agent. At rst, F108 was dissolved in ethanol with the aromatic expanding agent together. Then the BPF solution was added into the mixture with HCl as the self-assembly regulator, and the pH of the system was about 4. Aer evaporation at 25 C for 24 h, and cross-linking at 100 C for 24 h, the complex was calcined at 800 C for 2 h with a heating rate of 1 C min À1 in a N 2 atmosphere. The samples were named B-OMC-x, with x representing the expanding agent.
Characterization
Small angle X-ray powder diffraction (SXRD) patterns were collected with a Rigaku D/max-2550 diffractometer (Japan) using Cu-Ka as the radiation (l ¼ 0.154 nm). Transmission electron microscopy images were observed using a JEM-1400 microscope (Japan) at 100 kV. Nitrogen adsorption/ desorption measurements were achieved on an ASAP 2020(US) at 77 K. The sample was degassed under vacuum at 200 C for 6 h prior to the test. The pore size distribution of the sample was calculated from the adsorption branches of the isotherms according to the BJH method, and the BET specic surface area was obtained by the BET method. XPS measurements were conducted using a Thermo ESCALAB 250(US) at 150 W.
Electrochemical measurements
Working electrodes were prepared according to the standard method. 31 A mixture of active materials (80 wt%), acetylene black (15 wt%) and polytetrauoroethylene (5 wt%) was homogenized in a mortar, then punched into pellets at a pressure of 14 MPa. Each working electrode was dried for 12 h at 110 C, then impregnated with an electrolyte for testing. The test was conducted in a three-electrode system in 1 M H 2 SO 4 solution. A platinum electrode was taken as the counter electrode and a saturated calomel electrode as the reference electrode. Cyclic voltammograms (CV) and galvanostatic chargedischarge (GCD) measurements were recorded on an electrochemical workstation (CHI660D, China) in a potential window of 0-0.9 V. The specic capacitance of mesoporous carbon was obtained from the C m ¼ IDt/(mDU) equation, where C m is the specic capacitance, I represents the discharge current in an electrochemical system, Dt is the discharge time, m is the mass of mesoporous carbon on an electrode, and DU is the discharge voltage window.
Results and discussion
Textural and structural characterization
All of the samples have an obvious diffraction peak at around 2q ¼ 1 , implying they have ordered mesoporous structures, as shown in Fig. 1 . Compared with the unmodied B-OMC, the diffraction peaks of the mesoporous carbon materials with an expanding agent became much stronger and sharper, indicating that they have a better ordered mesostructure. This can be attributed to the high thermal stability of the benzene rings of the expanding agents, which tend to prevent the mesoporous carbon channels from collapsing during the calcination process.
With the number of hydrocarbon substituent groups increasing, the hydrophobicity as well as the molecular size of the aromatic expanding agents increases in the order of benzene < TMB < TEB < TiPB. From B-OMC-Be to B-OMC-TiPB, the (100) peak of the B-OMCs shis to a lower angle (from 0.902 to 0.794 ), suggesting that the interplanar spacing d of the samples has been augmented. It also demonstrates that contraction of mesoporous carbon channels can be reduced by introducing aromatic expanding agents and the shrinkage decreases with an increase in the molecular size of the expanding agents. Among them, B-OMC-TiPB has the lowest shrinkage.
The morphologies of the as-prepared B-OMCs are displayed in Fig. 2 . All of the samples possess 2D hexagonal p6mm mesostructures. Nevertheless, the order of B-OMC without an expanding agent is inferior to that of the modied B-OMCs, which can be ascribed to a shortage of rigid aromatic rings that restrict the channel from collapsing during calcination. These results are in line with those of XRD.
The chemical composition of B-OMC-TEB was further analysed by XPS and the results are shown in Fig. 3 and Table 1 . Boron (192 eV) and oxygen (533 eV) were introduced into the carbon framework successfully. In addition, the B 1s spectrum can be tted by two peaks at 191.98 eV and 192.67 eV, corresponding to -O-B-O-C 9 and B 2 O 3 . The high content of B 2 O 3 should be derived from the partial decomposition of triphenyl borate 32 and that of unreacted boric acid during calcination. . 33 The amounts of boron and oxygen for B-OMC-TEB were 1.54 wt% and 16.33 wt%, which would contribute to the introduction of a pseudocapacitance effect, 12 and obtaining a high capacitance retention at a high scan rate.
34
As presented in Fig. 4 , the N 2 adsorption/desorption isotherms of all of the samples are of type IV and have welldened H1 hysteresis loops, signifying that mesoporous characters have been obtained. Moreover, their pore size distributions are narrow. The structural parameters of the B-OMCs are listed in Table 2 . The pore size and BET surface area of B-OMCBe are very close to those of B-OMC. For B-OMC-TMB, B-OMC-TEB and B-OMC-TiPB, however, their BET surface area increased from 603 m 2 g À1 to 693 m 2 g À1 , and their pore size increased from 4 nm to 4.9 nm with an increasing number of hydrocarbons in the substituent groups. Compared with that of unmodied B-OMC, the surface area of B-OMC-TEB was raised by 15%, and the pore size of B-OMC-TiPB increased by 22%.
The expansion mechanism of the aromatic compounds
One of the important conditions for the preparation of mesoporous carbon via a self-assembly method is that stable micelles can be formed in the solvent. 35, 36 The pore size of mesoporous carbon mainly depends on the size of the micelle. The BET specic surface areas and pore sizes of most of the B-OMC-x samples are larger than that of B-OMC. The structures of additive molecules would inuence the surfactant template curvatures in liquid crystals. 37 Hydrophilic additive molecules such as dodecanol are usually located in the outer hydrophilic chain gaps, exhibiting a "penetration effect", while hydrophobic compounds like saturated hydrocarbons tend to enter the core of the micelle, showing a "swelling effect". A possible expansion mechanism of aromatic compounds has been derived, as shown in Scheme 1. At rst, the micelles of template F108 are formed in ethanol solution with a core radius (r). Aer adding benzene into the F108 micelle solution, the rigid and bulky benzene rings restrict it from entering the core of the micelle, and it just stays in the palisade layer. Therefore, the core radius of the micelles remains the same. However, the strong electrostatic repulsion and volume effect of benzene helps to increase the surface area of aggregates between the PEO chains. So, the S mic and V mic of B-OMC-Be are augmented. With an increasing number of hydrophobic hydrocarbons in the substituent groups, expanding agent molecules can not only be located at the palisade layer, but can also be dragged into the core of the micelles. The core radius of B-OMC-x was raised from r to R, and the pore size of the samples increased with the rising hydrophobic and steric hindrance of the aromatic compounds. The expanding agents TMB, TEB and TiPB exhibit both penetration effects and swelling effects.
Electrochemical properties
The electrochemical properties of the samples modied by expanding agents were investigated for use as electrode materials for supercapacitors. Fig. 5 exhibits the CV curves of the BOMCs at a scan rate of 5 mV s À1 in 1 M H 2 SO 4 , and the GCD measurements at a current density of 0.2 A g À1 .
The symmetrical and rectangular CV curves of all of the samples in Fig. 5(a) imply ideal double layer capacitive Table 2 The structural properties and specific capacitances of the B-OMCs properties. Furthermore, with increasing hydrophobic and steric hindrance of the expanding agents, the current density of the samples increases gradually, then decreases slightly. B-OMC-TEB possesses the maximum response current density of 1.09 A g À1 . From Fig. 5(b) , it is found that the B-OMCs with aromatic compounds as the expanding agent will result in the specic capacitance increasing from 222 F g À1 (B-OMC) to 290 F g À1 (B-OMC-TEB). This is also much higher than the previously reported data for B-OMCs (128-175 F g À1 ), [38] [39] [40] as well as our previous results (200 F g À1 ).
30 The large specic surface area, suitable pore size, and narrow pore size distribution of B-OMC-TEB are benecial for enhancing the electrochemical properties. Furthermore, improving the graphitization of B-OMCs would also lead to a high conductivity.
41
The specic capacitance of mesoporous carbon at different current densities was also investigated, and the results are shown in Fig. 6 . As the current density increased from 0.2 A g À1 to 20 A g À1 , the specic capacitances of the B-OMCs reduced gradually, because the large current density would increase the resistance of the electrolyte ions in the channels. While the specic capacitance of B-OMC-TEB was 182 F g À1 at a high current density of 5 A g À1 , this is higher than that of unmodied B-OMC (126 F g À1 ) and the previously reported data (108 F g À1 , at 5 A g À1 ). 31 Furthermore, its specic capacitance was maintained at 155 F g À1 , even at a current density as high as 20 A g À1 , indicating that it has a high capacitance retention rate.
Conclusions
Boron-doped mesoporous carbon materials with ideal mesoporosity were synthesized using aromatic compounds as expanding agents. TMB, TEB and TiPB exhibited both penetration effects and swelling effects. Along with the increase in hydrophobicity and steric hindrance of the expanding agents, the pore size and pore volume of the B-OMCs increased gradually, but the surface area increased rst, and then dropped off slightly. B-OMC-TEB has the highest surface area (693 m 2 g À1 ) and a well-ordered mesoporosity. Additionally, it also possesses the largest capacitance performance (290 F g À1 ), 30% higher than that of unmodied B-OMC, and 65% higher than the reported data. The specic capacitance can be maintained at 155 F g À1 at a current density of 20 A g À1 , indicating that it has a high capacitance retention rate.
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